Inelastic neutron scattering was used to study the low-lying nuclear structure of 132 Xe. A comprehensive level scheme is presented, as well as new level lifetimes, multipole mixing ratios, branching ratios, and transition probabilities. Comparisons of these data as well as previously measured E2 strengths and g factors are made with new shell-model calculations for 132,134,136 Xe to explore the emergence of collectivity in the Xe isotopes with N < 82 near the closed shell.
I. INTRODUCTION
How do "simple" collective motions emerge from the complexity of the underlying nucleon-nucleon interactions? To answer this question, studies of isotopic chains that progress from a semi-magic nuclide towards isotopes with vibrational and then rotational-like structures form an important landscape. The isotopes nearest closed shells are particularly important from a microscopic perspective because the first signals of the emergence of collectivity can be studied through large-basis shell-model calculations.
The nine "stable" isotopes of Xe (A = 124, 126, 128, 129, 130, 131, 132, 134, 136) span a transitional region of nuclear structure that has yet to be fully characterized. While the light-mass isotopes appear to be gamma-soft rotors [1] and 136 Xe at the closed N = 82 shell exhibits seniority structure [2] , the nature of those in between is not well understood. Certainly, collectivity is emerging as the number of neutron holes increases away from 136 Xe. Moreover, as will be discussed, the seniority structure of the proton configuration in 136 Xe makes the E2 transition strengths of the xenon isotopes particularly sensitive to the emergence of collectivity.
In our previous work on 130, 132 Xe [3] , we sought a comparison with the E(5) critical-point symmetry, for which 130 Xe had been proposed a candidate [4] . However, neither nucleus emerged as a clear-cut representation of that symmetry. That publication [3] included only a truncated level scheme (up to 2.2 MeV) for both nuclei relevant to the E(5) depiction, but we have now fully analyzed the more extensive data set (up to 3.3 MeV) for isotopes are well suited for such an investigation because the pronounced seniority patterns of the E2 transitions in 136 Xe must be "washed out" as collectivity develops.
II. EXPERIMENTS AND RESULTS
The experiments from which the majority of the current data were extracted, using inelastic neutron scattering from a solid, highly enriched 132 XeF 2 sample, were described in Ref. [3] . An additional angular distribution measurement at an incident neutron energy (E n ) of 3. 4 MeV was performed and these data are included in the present work. The prior publication [3] only included a partial level scheme, but we now offer the full version as obtained from our (n, n ′ γ) measurements. A summary of the data for levels in 132 Xe is given in Table I ; comments on levels to which these measurements have uniquely contributed are provided. Angular distributions of γ rays to the ground state with a positive value of a 2 are described as "quadrupole", while those with a negative a 2 are described as "dipole". 
keV 6
+ state. The history of this level is quite complex, and from our work, we refute its existence. Hamilton et al. [24] originally proposed this level based on the observation of γ-ray doublets at 669, 671 keV, and 727, 729 keV, where the former pair was thought to depopulate states at 2110 and 2112 keV (decaying to the 1440 keV 4 + 1 state), and the latter pair to feed those levels from a 2839 keV level. However, a subsequent publication [25] states that the 729 keV γ ray arose only from an impurity. Yet another publication by Hamilton et al. [26] re-establishes the 2110 and 2112 keV levels based on coincidence data using one Ge(Li) detector and one NaI detector, still believing the 669-671 keV doublet exists. Kerek et al. [10] using data from the (α, 2nγ) reaction proposed that the 727 keV γ ray feeds the 1440 keV state directly, eliminating the 2839 keV level and establishing a 2167 keV level. Still further confusion arises when Singhal et al. [8] claim the 729 keV γ ray is not entirely an impurity, and Girit et al. [9] question the existence of the 669-671 keV doublet, but still conclude a spinparity of 6 + for the 2112 keV level. In our INS measurements, we find no evidence of a 671 keV γ ray, nor a 729 keV γ ray; we refute the existence of the doublets and, therefore, the existence of the 2112 keV level. Recent results reported by Vogt et al. [22] from measurements employing multinucleon-transfer and fusion-evaporation reactions do not include the observation of decaying or feeding transitions associated with the 2112 keV level either.
2167.4 keV 6 + state. As noted previously in the discussion of the 2111.9 keV state, this level was proposed by Kerek et al. [10] from (α, 2nγ) measurements. The observed threshold for the 727 keV γ ray in our measurements is 2.2 MeV, in agreement with its placement as directly feeding the 1440 keV state. There is no clear indication that the 727 keV γ ray is a doublet for E n ≥ 2.9 MeV. Kerek et al. [10] favored a 5 + spin-parity assignment, which Girit et al. [9] supported based on the angular correlation of the 417 feeding γ ray in β-decay measurements. Although it would be mixed with background, no 417 keV feeding γ ray is observed in our mea-surements based on the comparison of the intensity of the 417 keV γ ray in spectra for other nuclei. Vogt et al. [22] obtained angular correlation data for the 727 keV γ ray as well, and used it as a benchmark for their measurements with a fit for a 5 + → 4 + → 2 + cascade. However, from our angular distribution data for the 727 keV γ ray, we rather assign a 6 + spin-parity. 2169.3 keV 0 + 3 state. As described in Ref. [3] , this state was previously assigned as J π = 1, 2 + in Ref. [6] , but we establish a spin-parity of 0 + . 2512.0 keV 4 − state. The NDS compilation [6] assigns a spin-parity of (4 + ) for this level, presumably based upon having decays to both the 5 − 1 and 2 + 4 states. In our work, however, we do not observe the 325 keV γ ray to the 2 + 4 state, and based on the angular distribution and excitation function data, we prefer a 4 − assignment. Hamada et al. [14] , also assigned the spin and parity as 4 − .
2555.7 keV 3 − state. The NDS compilation [6] lists a spin-parity of (2 + , 3) for this level. In our data, the angular distributions of both the 570.0 and 1888.0 keV γ rays when compared with cindy [23] calculations indicate spin 3 and pure E1 multipolarity, thus we conclude J π = 3 − . 2839.4 and 2840.2 keV levels. These levels are separated on the basis of γ-ray energies only. No spin information could be obtained from any of the assigned γ rays.
2872.7 keV (4, 6) − level. No prior spin assignment for this level has been given [6] , but we conclude it is (4, 6) − based on the angular distribution of the 832.3 keV γ ray and comparisons with cindy [23] calculations.
III. SHELL-MODEL CALCULATIONS
As noted previously, shell-model calculations have been recently reported for the Xe isotopes by Teruya et al. [19] , Van Isacker et al. [2] , and Vogt et al. [21, 22] .
Teruya et al. [19] , who performed shell-model calculations for even-even, odd-mass, and odd-odd nuclei of Sn, Sb, Te, I, Xe, Cs, and Ba isotopes around mass 130, used a phenomenological effective interaction based on an extended pairing plus quadrupole-quadrupole interaction. They also truncated the model space by first diagonalizing the Hamiltonian separately for protons and neutrons to select the most important configurations. The numbers of states in the proton and neutron model spaces were then increased until convergence was reached.
Van Isacker [2] used the N82K interaction, an empirical interaction derived for N = 82 nuclei by Kruse and Wildenthal [27] . Vogt et al. [21, 22] used interactions derived by Brown et al. [18] based on the CD Bonn nucleonnucleon interaction, which have also proven successful in describing the electromagnetic properties of low-lying states around 132 Sn [20, 28] . These same interactions, designated jj55 (or sn100pn), are employed in the calculations reported here.
Shell-model calculations were performed with the NuShellX@MSU code [29] for the isotopes 136 Xe, 134 Xe, and 132 Xe having four protons and zero, two, and four neutron holes, respectively, relative to 132 Sn. All proton and neutron single-particle orbitals in the 50 − 82 shell (0g 7/2 , 1d 5/2 , 1d 3/2 , 2s 1/2 , 0h 11/2 ) were included. Single-particle energies were set by reference to the low-lying states of 133 Sb and 131 Sn for proton particles and neutron holes, respectively. As described in Refs. [18, 30, 31] , the interactions are based on the CD Bonn potential with the renormalization of the G matrix carried to third order. A Coulomb term is added to the proton-proton interaction.
As in Ref. [20] , the effective M 1 operator applied a correction δg l (p) = 0.13 to the proton orbital g factor and quenched the spin g factors for both protons and neutrons to 70% of their bare values. (The tensor term was ignored.) The effective M 1 operator is similar to that of Jakob et al. [17] and in reasonable agreement with that of Brown et al. [18] .
Calculations with the same basis, interactions, and M 1 operator were reported in Ref. [20] for the N = 78, 80, and 82 isotopes of Te and Xe, with an emphasis on g factors and B(E2; 2
values. Overall, the description of these electromagnetic observables was good, although there remained some shortfall in E2 strength when the effective charges were set to the standard values of e p = 1.5e and e n = 0.5e. We, therefore, began by studying the nuclei 136 Xe, 130 Sn, and 128 Sn, in order to set the effective charges, and also gain insight into the proton and neutron structures that combine to form the states in 132 Xe and 134 Xe.
A.
136 Xe: Proton configurations and the proton effective charge
The B(E2) values are related to the effective charges of the proton (e p ) and neutron (e n ) by
where NushellX reports the values of A p and A n and the effective charges are in units of the elementary charge e. As A n = 0 for the N = 82 nuclide 136 Xe, a comparison of measured and calculated B(E2; 2
values determines the proton effective charge. The adopted experimental B(E2) is a weighted average of the values reported in Refs. [17, 32] , namely B(E2; 2 + 1 → 0 + 1 ) = 10.0(3) W.u., which yields e p = 1.74(3). The error reflects the uncertainty in the experimental B(E2). This effective charge is essentially the same as that used in Ref. [2] , e p = 1.73. Teruya et al. [19] have a Z-dependent effective charge, which takes the slightly smaller value of e p = 1.6 for the Xe isotopes. Given the uncertainties in evaluating the effective charge, e p = 1.7 is adopted for the following calculations. The effective charge will be [19] consistently fall below the N82K calculations [2] , due, at least in part, to their use of a smaller proton charge. Differences between the N82K [2] and the present jj55 calculations stem from differences in the wavefunctions, which are compared for these two interactions in Appendix A.
The two interactions generally predict wavefunctions with the same dominant components, often with similar amplitudes (see Appendix A). The main difference, evident in both the E2 transition strengths and from inspection of the wavefunctions, concerns the character of the 2 states also appears to be interchanged in the jj55 calculations. It is not unexpected that the empirically derived N82K interaction, tuned to N = 82, is able to explain some of the finer details with greater accuracy than the jj55 interaction, which is derived from a nucleon-nucleon interaction based on effective field theory.
Previous work on 136 Xe reported schematic calculations in a limited basis of πg The procedure adopted to set the proton effective charge requires further discussion. First, the transition rates for the 4 configuration are forbidden by the so-called midshell cancellation (the πg 7/2 orbital is half full) [34] . [28] . There is evidence of extra collectivity in the 2 + state, which can be described by including a small admixture due to 2 + excitations of the 132 Sn core (i.e., particle-vibration coupling). However, the overall conclusion from comparing the experimental and theoretical moments and E2 transition rates was that the contribution of core excitation is modest, and that 132 Sn is a good doubly magic nucleus. Setting the effective charge empirically, as done here, implicitly includes contributions from coupling of the first excited state to the quadrupole excitations of the core, but this contribution can be expected to be small.
B.
128,130 Sn: Neutron configurations and the neutron effective charge [35] . Within the jj55 model space, this transition is a pure ν(h
The observed B(E2) implies e n = 0.838(45). This value agrees with e n = 0.8 as adopted by Teruya et al. [19] for N = 130. Sn so the theoretical uncertainty might exceed the experimental uncertainty quoted for this effective charge. Nevertheless, we do not find evidence for an increased effective charge (e n = 1) for 128 Sn as used by Teruya et al. [19] . Given our focus on the low-lying states, e n = 0.8 is adopted for the following calculations.
C. Results

1.
134 Xe
Experimental and theoretical excitation energies and E2 transition rates for 134 Xe are compared in Table V has an energy closer to the observed state), and likewise for the 8 + states. More detailed spectroscopy using a reaction such as heavy-ion Coulomb excitation is needed to confirm the yrast nature of the observed states and find the predicted nearby yrare 6 + and 8 + states.
Although there is not good quantitative agreement on the E2 transition strengths, most patterns are correct. For example, the present shell-model calculations correctly predict that the 2 The spin decomposition of the wavefunctions is given along with a comparison of experimental and theoretical g factors in Table VII . The present theoretical g factors are in very good agreement with experiment. Those of Teruya et al. [19] are uniformly smaller than the present calculations and underestimate the experimental values. This difference most likely stems from their choice of the effective orbital g factor for protons in the M 1 operator. As described in previous work [20, 28] , we adopt g π ℓ = 1.13, rather than the bare value of g π ℓ = 1. This relatively small change in g π ℓ is amplified in the g factors of the lowlying states of the Xe isotopes because the M 1 operator depends on g ℓ ℓ, where ℓ is the orbital angular momentum, and the πg 7/2 orbital with ℓ = 4 is prominent in the configurations of the low-lying states. 
Compared to
134 Xe, the low-lying level sequence no longer resembles that of a vibrator. Overall, the agreement between experimental and theoretical level energies is good up to E x ≈ 2.2 MeV. With the exception of the 0 states, which are all predicted below their experimental counterparts, the calculated energies are within 100 keV of experiment. As in 134 Xe, there are two predicted 6 + states, close in excitation energy. In 132 Xe, both states are observed and it is evident that the excitation energies of both are similarly under-predicted by the theory. It should be noted, however, that the spectroscopic data for 132 Xe is less complete than for 134 Xe. For example, the yrast 8 + state is yet to be identified, evidently because it occurs above the yrast 10 + state, which is isomeric [39] .
The overall description of the E2 transition rates is very good at low excitation energies, and the calculations give at least qualitative agreement with the experimental trends at higher excitation energies. The values from the calculations of Teruya et al. [19] exceed the present calculations for all but the very weak 2 + 2 → 2 + 1 transition, a trend that probably stems from their use of e n = 1.0, 20% higher than the effective charge used here.
The spin decomposition of the wavefunctions is given along with a comparison of experimental and theoretical g factors in Table X. As found for 134 Xe, the present theoretical g factors are in very good agreement with experiment. Those of Teruya et al. [19] are also in agreement with experiment, within the experimental uncertainties. As will be discussed in more detail below, the g factors can be examined along with the E2 strengths as a signature of the onset of collectivity, in that for collective excitations, the g factors of the collective states are expected to be almost identical, with a value somewhat reduced from g ≈ Z/A ≈ 0.4. Both calculations predict g(4 
IV. DISCUSSION
The experimental and theoretical evidence for the emergence of collectivity in the xenon isotopes as the number of neutron holes increases from 136 Xe to 132 Xe is the focus of the following discussion. The shell-model calculations reported in the previous section give an overall good description of these nuclei, and at the same time, no standard collective model can account for their level schemes and electromagnetic observables. Nevertheless, collectivity must be at least beginning to emerge in these nuclei. Here we characterize and assess the emergence of nuclear collectivity from experimental and theoretical perspectives. We will discuss the isotopes separately and then draw together an overall picture of emerging collectivity in 134 Xe and 132 Xe. 3/2 contribution is generally stronger. With the addition of 4 protons, there is greater mixing and a redistribution of strength among the neutron partitions, which is not surprising given that the νs 1/2 , νd 3/2 , and νh 11/2 orbitals are so close in energy.
The wavefunctions in 134 Xe are becoming fragmented (cf., 136 Xe and 128 Sn). It is natural, therefore, to ask whether the missing E2 strength in the shell-model calculations (Table VI) is an indication of the onset of collectivity in that the size of the basis space is inadequate, or whether it is because the balance of configuration mixing in the wavefunctions is not correct. The fact that Teruya et al. [19] have overestimated the B(E2) strengths suggests that the difference is due to the wavefunctions, stemming from the choice of interaction, and is not an indication of the onset of collectivity (or a limitation of the basis space). The mid-shell cancellation of E2 strengths between seniority υ = 2 members of the πg 4 7/2 configuration, mentioned in relation to 136 Xe above, applies in all of the Xe isotopes. As this proton configuration remains dominant in 134 Xe, the E2 transition strength can be strongly affected by smaller components in the wavefunction.
B.
132 Xe
The comparison of wavefunctions of the states in 134 Xe (Appendix B) with those of the proton states in 136 Xe (Appendix A), and the two-neutron hole states in 130 Sn (Table III) can be extended to 132 Xe (Appendix C) in this case considering the four-neutron hole states in 128 Sn (Table IV) . Looking first at the protons, it is evident that the πg 128 Sn for neutron holes, justifies the approach of Teruya et al. [19] , whereby the basis states were selected by first diagonalizing over the separate proton and neutron spaces.
C. Characterizing and assessing the onset of collectivity
Is the emergence of collectivity evident in 134 Xe and 132 Xe?
As described above, the wavefunctions are becoming increasingly fragmented as the number of neutron holes increases. Certainly, fragmentation of the wavefunction is a requirement for the development of collective excitations; but it is not sufficient in that coherent quadrupole correlations must also be developing as the wavefunction is spread over many components. Such coherent quadrupole correlations can be measured by examining E2 transition strengths. The upper panel of Fig. 3 shows the experimental and theoretical B(E2; 2 136 Xe serves as a benchmark for proton single-particle strength. In the four-neutron-hole case of 128 Sn, the 2
reduced transition strength is 4 W.u. (in experiment and theory), while for the two-neutron-hole case of 130 Sn, it is 2 W.u. These values benchmark the neutron singleparticle strength. It is evident that the experimental E2 strength in 134 Xe, 15 ± 1 W.u., already exceeds the sum of the proton and neutron parent strengths (12 W.u.). In 132 Xe, the E2 strength of 23 ± 1 W.u., nearly doubles the sum of the proton and neutron parent strengths (14 W.u.). These trends in both theory and experiment can be interpreted as clear indicators of the emergence of collective features in the wavefunctions.
Turning to the trends in the 4
transitions, the dilution of the E2 mid-shell cancellation associated with the seniority structure of the prominent proton configuration, πg 41 (4) 1640 ( Fig. 3 . In any case, the E2 strength is increasing markedly, which can be taken as an indicator of increasing collectivity.
Moving to 132 Xe, in both theory and experiment, B(E2; 4 The lower panel of Fig. 3 shows the experimental and theoretical g factors. As collectivity develops, the g factors of all of the low-lying states must approach the same value near Z/A = 0.40. Typically in collective nuclei g ∼ 0.8Z/A; thus for these Xe isotopes, we expect a collective g factor of g ∼ 0.33. Pronounced differences are both predicted by the shell model and observed for g(4 There is no need to invoke collectivity beyond the shellmodel calculations. Nevertheless, we have indicators of developing collectivity in the fragmentation of the wavefunction and the increasing E2 transition strengths. The picture that emerges from the shell-model calculations, looking at the fragmentation of the wavefunctions, the E2 transition strengths, and the g factor values, is that collectivity builds up beginning with the first 2 + state and then develops to higher excitation energies and spins as the number of neutron holes increases.
V. CONCLUSIONS
Inelastic neutron scattering was used at the University of Kentucky Accelerator Laboratory to study the nuclear structure of 132 Xe. A comprehensive level scheme was obtained, as well as new level lifetimes, multipole mixing ratios, branching ratios, and transition probabilities. New shell-model calculations for 132,134,136 Xe using NuShellX were also completed. The shell-model calculations account well for the level scheme and electromagnetic observables for all three isotopes. The emergence of collectivity away from the N = 82 closed shell was evaluated by examining changes in the wavefunctions, E2 transition strengths, and g factors as the number of neutron holes increases. The increasing complexity of the wavefunctions and the increasing E2 transition strengths signal emergent collectivity, whereas the g factors clearly show the persistence of single-particle features in the wavefunctions for the states above the first 2 + state. The picture that emerges is that collectivity builds up beginning with the first 2 + state and then develops to higher excitation energies and spins as the number of neutron holes increases.
These trends are expected to develop further as more neutrons are removed, with the level structures and electromagnetic properties moving toward the patterns associated with fully collective models. At present, it is not clear whether the mass-dependent development will be slow and smooth or sudden. It will, therefore, be very useful to examine 130 Xe, for which we have INS data that are currently under analysis. 
